Purpose: Morphological descriptors are practical and essential biomarkers for diagnosis and treatment selection for intracranial aneurysm management according to the current guidelines in use. Nevertheless, relatively little work has been dedicated to improve the three-dimensional quantification of aneurysmal morphology, automate the analysis, and hence reduce the inherent intra-and inter-observer variability of manual analysis. In this paper we propose a methodology for the automated isolation and morphological quantification of saccular intracranial aneurysms based on a 3D representation of the vascular anatomy.
clinicians: 2 min. 51 sec., manual isolation: 2 min. 21 sec.) but eliminating human interaction. The automated measurements are irrespective of the viewing angle, eliminating any bias or difference between observer criteria. Finally, the qualitative assessment of the results showed acceptable agreement between manually and automatically isolated aneurysms.
Keywords: intracranial aneurysm quantification, automated isolation, deformable models, skeleton analysis, boundaries. An extensive validation of this method has been presented in [19] .
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For the extraction of the ROI embedding the aneurysm by the user, different alternatives Toolkit (ITK), was provided by Mellado et al. [5] . From the skeleton computation, a tree terminal branches is denoted as T (L). Then,
where F is the set of end points in L. We refer to the "connected end" of l i ⊂ T (L) as x c 120 and to the "free end" of l i ⊂ T (L) as x f ∈ F .
121
After identifying terminal branches, the surface S was used to select branch l i ⊂ T (L)
122
pointing into the aneurysm (recalled as aneurysm branch). We denote as C(S) the set of 
a) it exists a point in l i whose distance to any point in φ is less than the vessel diameter
b) all the points in l i are at one diameter or more from φ, for any φ ⊂ C(S). 
We denote this centerline
where r is the search distance from x c (l a ).
145
To completely isolate the aneurysm from the surrounding vasculature, the centerline has 146 to start and finish at a healthy region of the vasculature. Figure 3 (a)). We then compute the path over L for each pair l i , l j ∈ R(L, l a , r).
153
Simplex deformable model. To isolate the aneurysm sac from the rest of the vasculature, 2-simplex deformable models were used. A 2-simplex is the dual representation of a triangu-155 lar mesh (Figure 1(a) ). Each deformable model was initialized as a curved cylinder with its 156 axis aligned to the pre-computed centerlines c i,j and with its longitudinal center at x c ∈ l a .
157
This cylinder was considered as a set of rings V , each one having a center of mass c V . For 
167
After initialization, each model was deformed under the effect of internal and external forces [22] . For describing the mesh movement, the following Partial Differential Equation (PDE) was considered:
Then, it was discretized as follows using finite differences:
where f int (x t i ) is the internal force acting on
) is the corresponding external force at the same point and γ represents damping [23] . The index t represents the iteration number, which was omitted in the remainder of the text for simplicity. Internal forces were accounted for as:
where f s is the smoothing force, ensuring that the points are homogeneously distributed over 
is tangent to the mesh, where x * i corresponds to the position of x i ensuring a smooth 173 distribution of the mesh points. Further details on the smoothing forces can be found 174 in the work of Montagnat and Delingette [22] .
175
• Expanding force (f exp ): To expand the tubular mesh to reach the vessel wall, a spring model acting along the radial direction of each ring V of the mesh was used. The vessel radius at that position was used as the initial radius of V . We denote the spring rest radius as r 0 , which was set to 1.5 times the maximum radius of the vessel covered by the mesh. The magnitude of the expanding force, with a direction normal to the mesh (n i ), can be expressed using the Hooke's law:
where k is the stiffness of the spring and was defined as follows:
being E the Young's elasticity modulus of the spring (E ∼ 0.5N/m 2 was considered).
176
All the points on the same ring V are maintained at similar distance from the corresponding center of mass c V ensuring that the deforming mesh is kept approximately cylindrical. Hence, the mean radius of section r V is given by
where n V is the number of points in each ring V and is constant for all rings within the mesh. Then, η i enforces this constraint as follows:
The value p is the threshold limit for η i and is a parameter of the model. To determine 177 the value of p, a series of 20 cross sections of arteries for 5 patients (2 internal carotid 178 artery and 2 middle cerebral artery measurements for each patient) were considered.
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After measuring their maximum and minimum diameters, a 30% difference on aver- Therefore, f exp can be written as:
• External forces (f ext ): The mesh expansion was stopped when the deformable model reached the vessel wall. For this, the point to surface distance was computed from each node x i to the closest location on S. This force was modeled as being equal in magnitude and in the opposite direction to f exp (x i ) for points x i over S. Points crossing S were projected back to it, ensuring that the simplex mesh remains inside the vessel at all times. Then, all the points x i ∈ M are assigned the label M (x i ) as:
1, otherwise.
The initialization and deformation process was repeated for the different centerlines.
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For each mesh, when internal and external forces were balanced, the mesh movement was 
198
• Neck width w neck : was defined as the maximum distance between two points on the 199 aneurysm neck.
200
• Sac height h sac : the point x on the sac with the largest projection to the plane defined 201 by n n and x c was found. Then, h sac was computed as the distance between such point 202 and x c (see Figure 3(b) ).
203
• Sac area a sac : area of the sac, which can be accurately computed if the surface repre-204 sentation is available.
205
• Sac volume v sac : volume of the sac, which can be accurately computed if the surface 206 representation is available.
207
These measurements are typically used by clinicians to select the treatment to follow and, 
III. EXPERIMENTS AND RESULTS

213
The proposed methodology allows automatically isolating the aneurysm sac from a seg- the neck of the aneurysm were selected over the generated surface. The criteria followed by 237 the observers to isolate each aneurysm were
238
• the aneurysm separates from the parent vessel at its neck and
239
• the aneurysm has only one opening.
240
Measurements obtained using this method were considered the gold standard as they were Additionally, a sac and v sac were automatically computed for MSI and ASI. All sacs were 249 quantified following the same procedure described in Section II D.
250
A. Accuracy experiments on synthetic phantom
251
To assess which of the three methods, namely MMC, MSI or ASI, is the most accurate, background. The resulting image was segmented using GAR. The aneurysm was quantified 259 using the three methods (MMC on the image, MSI and ASI on the segmentation output).
260
The ground truth measurements (w neck and h sac ) were performed on the manually isolated 261 dome from the original phantom high resolution surface and averaged through 3 manual 262 isolations.
263
From these results presented in Table I , we observe that MSI method presents the lower 264 error with respect to the ground truth (MMC = 6.06%, MSI = 4.07% and ASI = 7.67% for 265 w neck and MMC = 5.63%, MSI = 3.53% and ASI = 5.49% for h sac ). Also, the inter-observer 266 variability appears to be larger for MMC method (above 4.5% for MMC, compared to 2% 267 for MSI and 0% for ASI). These measurements could not be accurately computed directly on the image (e.g., using 303 MMC). Results are summarized in Table V . We presented the bias and the standard er- 
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We also noticed that the inter-observer variability for the MMC measurements was larger 369 than that for MSI. For the MSI method a low variability was observed (σ=0.17mm and 370 σ=0.12mm for neck width and sac height, respectively). We attribute this to the fact that
371
MSI is more robust due to the simple criteria required for the isolation for the aneurysm.
372
This, and the fact that the measurements are computed automatically on the surface, not 373 requiring the selection of one particular view angle, makes these measurements more robust.
374
For the ASI method, repeatability is guaranteed as it is automated. In this paper, is proposed a methodology for automatically isolating the sac of intracra- 
